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Abstract
Cajal bodies (CBs) are subnuclear domains that participate in the biogenesis of small nuclear
ribonucleoproteins (snRNPs) and telomerase. CBs are found in cells with high splicing demands,
such as neuronal and cancer cells. The purpose of this review is to highlight what is known about
the signals that impact the formation and activity of CBs. Particular attention is paid to
phosphorylation as a major regulator of CB formation and composition, but a non-biochemical
mediated pathway (mechanotransduction) that impacts CBs is also discussed. Amongst the CB
components, recently published work on coilin (the CB marker protein) strongly suggests that this
protein, and the CB by extension, is a global sensor that responds to environmental signals.
Disruption of these signals, which would result in a decreased capacity to generate snRNPs and
telomerase, is predicted to be beneficial in the treatment of cancer.
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1. Introduction
The nucleus is highly organized and contains various compartments such as the Cajal body
(CB). The CB is involved in ribonucleoprotein (RNP) biogenesis (Machyna et al., 2013).
Specifically, the CB is a maturation point for RNPs involved in splicing, histone mRNA
processing and telomere formation. In transcriptionally active cells (such as neuronal and
cancer cells) that require high levels of RNPs, the CB serves as an efficiency platform for
modification reactions. In regards to spliceosomal small nuclear RNPs (snRNPs), the small
nuclear RNA (snRNA) component of the snRNP is modified in the CB with the guidance of
small Cajal body-specific RNAs (scaRNAs) (Machyna, Heyn, 2013). It is also possible that
CBs participate in the initial processing of the nascent snRNA since CBs associate with
certain U snRNA gene loci (Frey et al., 1999, Frey and Matera, 1995, Jacobs et al., 1999,
Shevtsov and Dundr, 2011, Smith et al., 1995, Suzuki et al., 2010). In addition to snRNPs,
CBs contain the RNA component of telomerase (TERC, also known as hTR) (Zhu et al.,
2004). It is possible that the CB helps to traffic hTR to telomeres during S phase for
holoenzyme assembly with the telomerase reverse transcriptase component (TERT). Both
scaRNAs and hTR are targeted to CBs via interactions with the protein WRAP53 (also
known as TCAB1 and WDR79), which binds a conserved sequence element present in these
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RNAs (the CAB box) (Venteicher et al., 2009) (Tycowski et al., 2009). Some mutations in
WRAP53 result in the mislocalization of telomerase to the nucleolus (Batista et al., 2011).
WRAP53 has been shown to associate with two major components of the CB, SMN and
coilin (Mahmoudi et al., 2010). SMN (survivor of motor neuron) is mutated in most cases of
spinal muscular atrophy (SMA), and plays a crucial role in the cytoplasmic phase of snRNP
biogenesis. The role of SMN in the CB is less clear, but may involve snRNA regeneration
(Pellizzoni et al., 1998) and/or tri-snRNP assembly (Boulisfane et al., 2011, Forthmann et
al., 2013). Coilin is known as the CB marker protein and is essential for canonical CB
formation (Figure 1).

2. Functions
Many lines of investigation reinforce the concept that the CB increases the RNP biogenesis
efficiency of the cell (Klingauf et al., 2006). For example, coilin reduction in zebrafish
(which abolishes CBs) is associated with an embryonic lethal phenotype that can be partially
rescued by the addition of mature snRNPs (Strzelecka et al., 2010b). Interestingly, the CB
may have other functions centering upon response to stress. Viral infection, UV-C exposure,
ionizing radiation, and treatment with the DNA damaging agents cisplatin and etoposide all
disrupt CBs in different ways (Hebert, 2010). UV-C and adenovirus infection, for example,
trigger the formation of coilin containing microfoci. Interestingly, the UV-C pathway for CB
disruption requires the proteasome activator subunit PA28γ, which does not localize to CBs,
but may impact their formation via interactions with the nucleoplasmic pool of coilin. As
opposed to the microfoci formed with UV-C treatment, herpes virus infection relocalizes
coilin to damaged centromeres in a process termed the interphase centromere damage
response (iCDR) (Morency et al., 2007). Ionizing radiation and exposure to cisplatin or
etoposide, in contrast, disrupt CBs and cause a relocalization of coilin to the nucleolus
(Gilder et al., 2011). Although the reasons for changes in CB formation in response to these
cellular insults are not clear, the fact that they occur implicate the CB in some aspect of the
stress response pathway.

Insight into the rationale for the CB in the stress response comes from studies on coilin. We
have found that coilin levels impact the cell response to cisplatin and modulate the
association of RNA pol I with rDNA (Gilder, Do, 2011). We have also found that coilin
binds both DNA and RNA, and has RNase activity (Broome and Hebert, 2012b). The RNase
activity of coilin appears to be most specific for the 3′ end of U2 snRNA and hTR,
suggesting that coilin participates in the biogenesis of these non-coding RNAs (Broome et
al., 2013, Broome and Hebert, 2012a). Alteration of coilin levels correlates with changes in
the steady state levels of several non-coding RNAs, including U2 snRNA, rRNA (pol I
derived) and hTR, and their pre-processed pools (Broome, Carrero, 2013, Broome and
Hebert, 2012b). These findings indicate that coilin may influence the transcription and/or
processing of select non-coding RNAs. In support of this hypothesis, we have shown by
chromatin immunoprecipitation (ChIP) that coilin interacts with U1 and U2 snRNA gene
loci (Broome, Carrero, 2013). Additional we have observed that coilin associates with
various non-coding RNAs, such as the 47/45S rRNA precursor, U2 snRNA and hTR, and
the association of coilin with these RNAs changes upon exposure to cisplatin or etoposide
(Broome, Carrero, 2013). Hence, experimental evidence strongly suggests that coilin and the
CB take part in stress response pathways that regulate RNP biogenesis and rRNA
transcription/processing.

3. Cascades
Despite the fact that certain treatments, such as cisplatin exposure can disrupt CBs, little is
known about how stress response pathways interconnect with the CB. In addition to the
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treatments listed above that disrupt CBs, other situations and conditions are known to impact
CBs. Environmental factors (such as temperature), developmental changes (such as nuclear
organization in fetal vs. adult cells), and disease state (such as normal vs. transformed) all
impact the nucleus and the CB (Carmo-Fonseca et al., 1993, Spector et al., 1992, Young et
al., 2001) (Strzelecka et al. 2010a). Very interestingly, local dynamic force on the surface of
the cell via integrins has been shown to cause disruptions in the association of certain
proteins within the CB (Poh et al., 2012). For example, following surface force, the
interaction between coilin and SMN, as measured by fluorescence resonance energy transfer
(FRET), is altered. It is not thought that a biochemical cascade triggered by the surface force
is responsible for these changes in CB protein:protein interactions. Rather, the force on the
surface of the cell activates a mechanotransduction pathway dependent on (among other
things) intact F-actin and cytoskeletal tension and Lamin A/C. Hence, any discussion of
signals controlling CB formation must also take into account mechanical as well as
biochemical transduction pathways.

What indicates that the CB is subject to traditional signal transduction pathways? One line
of evidence is that CBs are impacted when several different types of inhibitors are used.
Inhibitors of transcription, translation, nuclear export and kinase and phosphatase activity all
cause CB disassembly and/or coilin mis-localization (Hebert, 2010). Additionally, as a
dynamic nuclear body, the CB, like the nucleus and nucleolus, disassembles during mitosis
and reforms during the G1 phase of the cell cycle (Carmo-Fonseca, Ferreira, 1993). Since
phosphorylation plays a crucial role in the cell cycle regulated disassembly of the nucleus
and nucleous, it is likely that this modification also controls CB disassembly and
reformation that occurs during the cell cycle.

4. Key molecules
If, like the nucleus and nucleolus, phosphorylation impacts CB formation and activity, what
proteins in the CB are modified by phosphorylation and what kinases and phosphatases take
part in this process? There are at least 20 different proteins in the CBs that are
phosphorylated (Hebert, 2010). Because every protein found in the CB is also found in other
cellular locales, it is not initially obvious if phosphorylation regulates the activity of only the
CB fraction of these proteins. Studies have found that the phosphorylation status of both
coilin and SMN influences the interaction of these proteins with each other and snRNPs
(Grimmler et al., 2005, Petri et al., 2007, Toyota et al., 2009). Since WRAP53 is also
phosphorylated, it is likely that phosphorylation regulates the interaction between coilin,
SMN and WRAP53, and these interactions are critical for canonical CB formation. What
kinases and phosphatases modify CB proteins? Figure 1 shows enzymes that can or are
suspected to modify coilin or other CB proteins.

Besides altering protein:protein interactions that underlie CB formation, phosphorylation
may also impact CB activity. We have found that the RNase activity of coilin is decreased in
a phosphomutant background (S489D) (Broome, Carrero, 2013). We have also found that
the association of coilin with various non-coding RNAs changes upon hyperphosphorylation
(Broome, Carrero, 2013), which correlates with decreased coilin self-association and CB
disassembly that normally take place during mitosis. The phosphorylation/
dephosphorylation of various CB components, therefore, is the end result of signaling
pathways that respond to the transcriptional and splicing needs of the cell. These pathways
likely regulate the nuclear and cytoplasmic steps of snRNP biogenesis. In addition to
phosphorylation, PRMT5 and 7, which generate symmetrical dimethylarginine, modify
coilin and other components of the CB (Boisvert et al., 2002, Clelland et al., 2009,
Gonsalvez et al., 2007, Hebert et al., 2002). As with phosphorylation, this modification
plays a significant regulatory role in controlling protein:protein interactions and localization,
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and thus also impacts CB formation and activity (Tapia et al., 2010). Lastly, sumoylation of
CB components may also contribute to the regulation of this subnuclear domain (Navascues
et al., 2008, Schulz et al., 2012). In addition to phosphorylation and other forms of
posttranslational modification, several signaling proteins impact CB formation or alter its
composition (Figure 1).

5. Associated pathologies and therapeutic implications
A clear understanding of the signals that control CB formation and activity have the
potential to clarify detrimental abnormalities in spinal muscular atrophy, dyskeratosis
congenita and cancer. Although much needs to be learned, the limited knowledge we have
about coilin phosphorylation and CB formation in normal and transformed cells allows for
the formulation of a model with potential new targets for anti-cancer therapeutics (Figure 2).
For such a model to translate to the clinic however, more effort is needed to identify the
factors, such as kinase and phosphatases, that modify CB proteins. Studies also need to be
conducted to functionally characterize how modifications impact the activity of proteins in
the CB. With this knowledge, CBs can be connected to various known signaling pathways.
This will result in a better understanding of how these pathways control CB activity and thus
the RNP biogenesis capacity of the cell.
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Key facts

• Cajal bodies (CBs) play a crucial role in ribonucleoprotein (RNP) biogenesis,
and are found in cells with high transcription and splicing demands.

• Several conditions, such as DNA damage, disrupt CBs or alter their
composition, implying that the CB is responsive to many different signaling
pathways including those dealing with stress.

• One likely regulatory mechanism for controlling CB formation and activity is
phosphorylation.

• The modification of known CB proteins by phosphorylation, including the CB
marker protein coilin, may underlie CB induction observed in the transformation
process.
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Figure 1. The CB is a dynamic nuclear domain responsive to many stimuli
Major structural components of the CB include coilin, WRAP53, SMN and snRNPs. Since
CBs are known to associate with many gene loci, including those giving rise to U snRNA,
such as U2 snRNA, it is possible that the CB participates in the initial 3′ end processing
event of the nascent pre-U snRNA (stem loop structure with dashed red line). Mature
snRNPs, scaRNAs and TERC are not shown. Besides accumulations in the CB, every
known protein component of the CB also resides elsewhere in the cell. The majority of
coilin, for example, is nucleoplasmic. Shown above the CB are enzymes known or suspected
to modify coilin or other components of the CB: PPM1G (protein phosphatase, Mg2+/Mn2+

dependent, 1G) (Hearst et al., 2009, Petri, Grimmler, 2007), CK1/2 (casein kinase 1 (our
unpublished results) and 2) (Hebert and Matera, 2000), VRK1/2 (vaccinia-related kinase 1
and 2) (Sanz-Garcia et al., 2011), PRMT5/7 (protein arginine methyltrasferase 5 and 7)
(Boisvert, Cote, 2002, Gonsalvez, Tian, 2007), protein phosphatases PP2A and PP1(γ), with
adaptor subunit p99 (PNUTS) (Kitao et al., 2008, Lyon et al., 1997, Moorhead et al., 2007,
Renvoise et al., 2012) and Cdk2/cyclinE (Liu et al., 2000). The ubiquitin-specific protease-
like 1 (USPL1) SUMO isopeptidase protein has been shown to impact coilin localization
(Schulz, Chachami, 2012). Shown below the CB are signaling molecules that impact or are
found in CBs: PA28γ (proteasome activator) (Cioce et al., 2006), FGF-223 (fibroblast
growth factor) (Bruns et al., 2009), ZPR1 (zinc finger protein 259) (Gangwani et al., 2001),
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SUMO-1 (Navascues, Bengoechea, 2008) and Peroxiredoxin V (Kropotov et al., 2004). The
biogenesis of U1, U2, U4 and U5 snRNPs require cytoplasmic processing steps under the
control of SMN. Cytoplasmic SMN is hyperphosphorylated (SMN-P) relative to that found
in the nucleus, due in part to the action of the nuclear phosphatase PPM1G (Grimmler,
Bauer, 2005, Petri, Grimmler, 2007). Arrayed along the outside of the cell are stimuli that
affect CB assembly.
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Figure 2. Potential mechanism for inhibiting CB function in transformed cells
Coilin is relatively hyperphosphorylated in most normal cells (denoted by four Ps) compared
to that in transformed cells (two Ps). Because hyperphosphorylated coilin has reduced self-
association, CBs do not form in most normal cells. However, the extent of coilin
phosphorylation is reduced in transformed cells, which correlates with increased coilin self-
association and CB formation. A parallel can be drawn between the amount of
phosphorylation of coilin in normal cells to that of mitotic coilin in transformed cells
(dashed line). In transformed cells, interphase coilin is phosphorylated but can still self-
associate and form CBs (two Ps). When transformed cells enter mitosis, however, CBs
disassemble and this disassembly correlates with increased coilin phosphorylation (four Ps).
We speculate that this same level or extent of coilin phosphorylation in mitotic transformed
cells is also present during interphase of normal cells (note the four Ps in normal cells), and
this accounts for the lack of CBs in most normal cell types. Strategies that could activate
kinases or inhibit phosphatases that act on coilin would be detrimental to transformed cells
(green arrow) because the lack of CBs would decrease the available snRNP and telomerase
resources, and thus make these cells more “normal” in regards to nuclear organization.
Symmetrical dimethylarginine modifications on coilin are indicated by an asterisk (*).
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